This paper presents a compact high-gain, high-efficiency, and broadband (higher than one octave) UHF high-power amplifier (HPA) using gallium arsenide (GaAs) and gallium nitride (GaN) technologies, the broadband HPA was fully integrated in a monolithic microwave integrated circuit (MMIC) with input and output matched to 50Ω, the total size of the HPA is only 10×10mm 2 . It generates a power gain higher than 44dB, a continuous wave (CW) output power greater than 10W and a corresponding power added efficiency (PAE) better than 55 percent across the full band from 220～520MHz. This design approach for high power GaN in space saving plastic package is enabling system designers to overcome the challenge to reduce the size, weight, and cost of system designs, while meeting the requirements of higher power, efficiency and reliability.
Introduction
For radar and communication driven by military applications, system designers are under continuous pressure to achieve the aggressive size, weight and power profiles that can help ensure a sustained, strategic battlefield advantage [1] . But achieving higher power and smaller, lighter components using conventional silicon and GaAs-based power transistors is an ever mounting challenge [2] . For these devices, limitations in component power density, breakdown voltage and thermal reliability are introducing increasingly problematic performance constraints, with significant implications for system reliability, ruggedness and functionality to meet new mission objectives. Ideally each element needs to have a high power output, high gain, and high efficiency, but at the same time must have a very compact application size and require as little heatsinking as possible [1, 3] .
The recent emergence of GaN-based high electron mobility transistor (HEMT) power amplifiers is equipping radar system designers to achieve broadband and high power operation using smaller power transistors. Scaling to a higher voltage minimizes power loss, enhancing power efficiency and simplifying pulsed energy storage requirements. GaN-based power transistors enable system designers to use smaller energy storage capacitors, and maintain the same number of power amplifiers when increasing the overall transmit power [2, 4] . This new GaN-driven capability is yielding a new generation of more agile, ruggedized radar systems optimized for increasingly demanding performance requirements and environmental conditions. To date, most vendor approaches to applying GaN to power amplifiers have relied on packaging techniques found in earlier generation devices like Si laterally diffused metal-oxide-semiconductors (LDMOS) and Si bipolar junction transistors (BJT) [4, 5] . By replacing the silicon material in these packages with GaN, improvements in power density and efficiency have been achieved, but the continued reliance on conventional ceramic packaging, hasn't yielded meaningful reductions in component size or weight.
In recent years, leading MMIC suppliers and foundries are currently extending their product offerings to include lower-cost plastic packaging solutions. Recently, plastic-molded MMICs have been made available that use standard QFN or LGA packaging technologies to drive new markets toward large volume production and cost reduction [6, 7, 8, 9, 10] .
In this paper, a compact hybrid MMIC HPA is fabricated using GaAs hetero-junction bipolar transistor (HBT) and GaN HEMT, the hybrid HPA in plastic land grid array (LGA) package is also extremely lightweight compared to ceramic-packaged GaN-based offerings. Measured in aggregate across the hundreds of power amplifiers within a typical modern radar system, this can reduce overall system weight considerably. The resulting weight reduction ensures greater ease of movement for mobile radar systems.
Design and fabrication 2.1 Circuit design
The 10W power amplifier combines GaN power transistors and integrated GaAs MMIC as driver stage into an 8 lead 10mm by 10mm (0.39" by 0.39") package. The GaAs MMIC is a three-stage high-gain power amplifier optimized for the applications in bands from 200MHz to 1000MHz. The device is manufactured on an advanced 2um InGaP/GaAs HBT process. This amplifier provides a typical gain of 32dB and 1dB gain compression points output power (P1dB) of 36 dBm, the first stage needs to provide high gain and sufficient drive power for the second output stage device, this design approach provides a lower cost solution and provides higher gain compared to using a GaN transistor as the driver. Fig. 1 shows a top level schematic of the HPA design. The dashed line indicates all items that are inside the package.
The output stage has been fabricated by a commercial 0.25 μm GaN HEMT process. This device combines 20 power cells with approximately 5mm of total gate periphery. This device should provide >18dB of gain and a peak pulsed output power of 30W. The circuit design incorporates the first stage amplifier, input matching network, the interstage matching network from the first to the second stage GaN HEMT device and the output matching network.
Matching network design
The first stage integrated input matching circuit topology is shown in Fig. 2 . This network must correctly match the conjugate input of the device to the system impedance at the input of the device (50Ω). By matching to the small signal conjugate input impedance of the first stage GaAs MMIC, the design achieves an optimal high gain objective for the first stage and obtain the optimized S11 index. The interstage matching circuit topology is shown as a simplified schematic in Fig. 2 . For interstage matching in multistage designs, the impedance transformer from 50Ω to e.g. 15Ω can be omitted. To achieve greater than one octave bandwidth a multi element matching network is employed using series and shunt reactive elements on the IC. The interstage design topology used provides significant scope for accommodating frequency tuning while maintaining high gain and high power performance. Design optimization highlighted that the series inductor (labelled Ltune in Fig. 2 ) could be adjusted to significantly move the center frequency of the design.
High drain current and power density in GaN results in high load impedance, which simplifies the matching network to transform to 50Ω over a broad frequency range. Fig. 3 shows the output matching network, UHF frequency is relatively low, in order to reduce the length of the transmission line, the output matching network is achieved by using L/C lumped components. Two inductors are put in series in order to overcome the problem of breakdown of the inductors (labelled L1, L2 in Fig. 3 ). 
Fully hybrid integrated approach
The proposed HPA's structure is made of two stages as shown on the drawing of Fig.4 , based on the modified bismaleimide-triazine resins (BT) substrate hybrid integrated circuit technology. The first-stage driver amplifiers use GaAs-based MMIC to provide high gain, broadband characteristics and reduce cost, the second stage adopts the GaN device to obtain the broadband, high power and high efficiency characteristics. The first stage's output is matched directly to the second stage's input to achieve high circuit's integration and help for wide-band matching. The matching circuits use surface mount type chip components.
GaAs-based MMIC and GaN device hybrid integrated into a plastic package chip which yields remarkable downsizing of the HPA, at the same time, plastic overmolded parts provide a lower-cost and lightweight solution than do hermetically sealed, flange-mount packages. The key compromise for these benefits is proper selection and design of the printed circuit board (PCB) necessary to effectively dissipate the heat generated from the device.
Bismaleimide modified triazine resin (BT) substrate is a special high-performance substrate material with the advantage of low dielectric constant, low dielectric loss, making the microwave signal can be transmitted without distortion, it also has excellent insulation and mechanical properties, making GaAs and GaN hybrid integrated microwave HPA more stability. Meanwhile, as shown in Fig. 4 , the contact areas between the power device and the BT substrate have via hole array, the number of vias depend on the power amplifier's size, the purpose is to enable the BT substrate metal layers connected to improve the heat dissipation ability.
The final HPA design is packaged in an eight lead 10mm by 10mm package as shown in Fig.5 , with all associated components. The design for this highly broadband PA was done utilizing two different process devices fully integrated in a monolithic microwave integrated circuit (MMIC) with input and output matched to 50Ω. The design challenge was to balance broadband performance with both high power and excellent power-added efficiency (PAE) and gain. 
Reliability and thermal analysis
Reliability is essential for realizing practical applications of new power devices [11] . The GaN transistor is housed in a plastic surface mount LGA package. This package approach presents the key challenge of thermal management. The thermal design challenge was solved by placing the LGA packaged part on top of an array of high thermal conductivity copper filled vias to ensure that the channel temperature remained under 250℃ when operating at a case temperature of 85℃.
The thermal test of the designed PA using a QFI thermal imaging system InfraScope was performed to evaluate its thermal characteristic under full operation condition. For the first stage of GaAs device, Fig. 6 shows the test results, where a maximum junction temperature of 150°C was seen for a power dissipation of 10W. For the GaAs device, the maximum junction temperature of 175°C is the typical acceptable upper limit.
As illustrated in Fig. 7 , the thermal image of the second stage GaN device has the highest temperature which is around 222℃ for a power dissipation of 10W. This is found to be sufficient for device reliability concerns in a plastic package, where a maximum junction temperature of 250°C is the typical acceptable upper limit. Fig. 8 shows the demonstrate board of the compact high-gain, high-efficiency, and broadband UHF HPA. All testing was performed with Vd = 28V for final stage and Vcc = 5V for first stage, Vg and Vb were adjusted to set the quiescent drain or base current for each stage to 60mA and 160mA respectively. Quiescent gate voltage typically was in the range of -2.6 to -2.4V.
Firstly, the small signal responses of the multistage HPA were tested on a 40GHz vector network analyzer. The S21 mag (gain) and S11 mag (input return loss) measurements are shown in Fig. 9 . The amplifier shows excellent gain of between 44.5dB and 45.5dB from 220MHz to 520MHz, an 81% bandwidth. Input return loss over this frequency range is between 14.3dB and 28.1dB.
Secondly, for radar applications typical pulse test conditions are pulse width of 100μsec and a pulse period of 1msec, resulting in a duty cycle of 10%. All RF power testing for this multistage high power amplifier used these pulsed power conditions. Fig.10 shows the measured output power (Pout) and power gain (Pgain) of the HPA as a function of increasing input power (Pin) at 225MHz and 512MHz. The multistage amplifier achieves a peak output power of >10W (40dBm). The gain compression shows an expansion characteristic of approximately 2.5dB. Therefore the peak power point is defined as 3dB compression from the maximum gain point. Finally, this amplifier was also measured from 220MHz to 520MHz under the constant input power of -1 dBm. Fig. 11 shows the saturation output power (Psat) and PAE as a function of the frequency. As shown in this figure, the amplifier achieves a minimum output power of 10W and a maximum output power of 11W over the 81% bandwidth from 220MHz to 520MHz. Peak power added efficiency was 55% to 58% over the same frequency range, indicating low input, inter stage and output matching losses. Table I provides a recent survey of published of multistage GaN based high power amplifiers. All amplifiers were designed and developed using GaN HEMT technology for broadband high power and high efficiency applications. From comparison, we observed that our proposed HPA provides the highest power and the best comprehensive parameters with lower cost solutions.
Conclusion
A compact UHF broadband 10W hybrid integrated power amplifier has been demonstrated using a combination of gallium nitride and gallium arsenide semiconductor technologies, the circuit design integrates matching networks and bias decoupling networks into a very compact plastic 10mm by 10mm package to provide a high integration, low cost and lightweight solutions. The broadband responses of the designs (81%) provide excellent capability for frequency agile or multi band solutions that will reduce overall system complexity and reduce energy consumption due to system mass reduction and reduced duplication of architectures at the system level. 
